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Abstract
In a model with extra U(1) gauge to Standard Model gauge group we have shown the allowed
region of masses of extra gauge boson and the dark matter which is the lightest one among other
right-handed Majorana fermions present in the model. To obtain this region we have used bound
on dark matter relic density obtained by PLANCK together with the bound on extra gauge boson
mass and its gauge coupling recently obtained by ATLAS collaboration at LHC. This allowed
region also get further constrained by the required active-sterile neutrino mass and mixing present
in the model. The requirement of light active neutrino mass around 0.1 eV scale requires dark
matter mass around TeV scale. We have discussed how the co-annihilation channel of dark matter
with next heavier right-handed Majorana fermion and their mass gap change the allowed region.
For fixed extra U(1) gauge boson mass and gauge coupling we have shown that for any particular
relic density within PLANCK bound there are in general two possible solutions of dark matter
mass.
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I. INTRODUCTION
Although Standard model (SM) has got tremendous success in describing various phe-
nomena at the elementary particle level, but SM failed to account for two major experimental
results, one related to the existence of dark matter (DM) [1] in the Universe and the other
related to neutrino oscillation phenomena that requires neutrinos to be massive and requires
significant mixings among different flavors of neutrinos. To accommodate neutrino masses
and a viable dark matter candidate something beyond Standard Model is necessary. One
such example is minimal extension of SM gauge group with extra U(1)X gauge symmetry.
Additional symmetries [2] either global or gauged are imposed which plays the role in guar-
anteeing the stability of dark matter candidate. There are several U(1)X gauge extended
models with minimal extension to the standard model [3–5]. An important feature of these
models is that in comparison to SM there is one extra neutral gauge boson. In general there
could be mixing of the extra gauge boson with the SM Z boson [6], which results in the
modification of neutral current phenomena. Due to stringent constraints on such phenom-
ena this mixing is supposed to be very very small if not zero. In the light of recent neutrino
oscillation phenomena [7, 8] there is a proposition of presence of sterile neutrino apart from
3 active neutrinos. There are recent indications in the Fermilab experiment [9] about some
non-zero mixing among active and sterile neutrinos with sterile neutrino mass in the eV
scale [10]. On the other hand, in cosmology to explain the rotational curves of the heavy
massive body inside the galaxies, one need to propose the presence of dark matter [11, 12].
Dark matter relic density have been constrained from PlANCK experiment [13].
ΩDMh
2 = 0.1200± 0.0012 (1)
where ΩDM is the density parameter for dark matter and h = H0/(100 km s
−1 Mpc−1.
Recently CMS and ATLAS [14–16] collaboration at LHC has obtained stringent bound on
the mass and gauge coupling associated with the extra U(1) gauge boson. In connection
with these observational results, we have considered here an U(1) gauge extended model
[17], which contains dark matter fields and also can accommodate active-sterile neutrino
masses and mixing . In this work taking into account LHC constraints on extra gauge boson
mass and its gauge coupling as well as PLANCK constraints on relic density of dark matter
and constraints on active and sterile neutrino masses and mixing from neutrino oscillation
experiments, we have studied about the mass of dark matter.
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In section II, we have discussed the salient features of a model which is U(1) extension of
the SM gauge group and the model can successfully explain active -sterile mixing and also
there is scope of dark matter. We have discussed the interaction of right-handed Majorana
field in the mass basis with extra gauge boson. We have shown the connections of the active
- sterile neutrino mass and mixing with the mass difference parameter ∆ of dark matter
with the next heavier right-handed Majorana fermion and their mixing angle θ. In section
III, dark matter relic density has been studied, taking into account annihilation as well as
co-annihilation of dark matter with next heavier right-handed Majorana fermion going into
final states of SM fermion antifermion pair. In section IV we have shown the correlations of
the dark matter mass mψ1 , gauge boson mass MX and the gauge coupling gX . We have also
discussed the importance of future experiments at LHC in the context of extra gauge boson
which could constrain the dark matter mass. In section V we have concluded our work.
II. THE MODEL
Here we have considered a model [17] which is an U(1) extension of SM, in which neu-
trino masses has been studied extensively and the mass of neutrinos has been connected to
dark matter. The three active and one sterile neutrino masses as well as mixing between
active-sterile neutrinos have been generated through one-loop. The model has four neutral
fermions Σ01R,Σ
0
2R, S1R and S2R and it has been chosen so as to cancel all anomalies with
each other. Let the mass eigenstates of these four Majorana fermions be ψk with mass mψk .
The interaction basis ψ
′T
j = [S1R, S2R,Σ
0
1R,Σ
0
2R] could be written in terms of this mass basis
ψk as :
ψ
′
j =
∑
k
zjkψk (2)
with j, k = 1, ..4 where Σ01R and Σ
0
2R are SU(2)L triplets and do not couple to Z and S1R
and S2R are singlets. One of the lightest among ψk say, ψ1 is a dark matter candidate in
this model, which we assume that it mainly contains S1R and S2R. We consider ψ2 as the
next to lightest among these four mass eigenstates and the masses mψ1 and mψ2 are not far
apart. The fermionic and the scalar particle content of the model are given in Table 1 and
Table 2 respectively.
Although there are several U(1) charges corresponding to different fields but using the
anomaly cancellation equations all of them can be expressed in terms of the other two U(1)
3
particle U(1)X Z2
(u, d)L n1 +
uR
1
4(7n1 − 3n4) +
dR
1
4(n1 + 3n4) +
(ν, l)L n4 +
lR
1
4(−9n1 + 5n4) +
Σ
(+,0,−)
1R,2R
3
8(3n1 + n4) –
NR −34(3n1 + n4) +
S1R
1
8(3n1 + n4) –
S2R
5
8(3n1 + n4) –
TABLE I. Fermion fields in the model
particle U(1)X Z2
φ(+,0) 34(n1 − n4) +
η
(+,0)
1
1
8(3n1 − 7n4) –
η
(+,0)
2
1
8(9n1 − 5n4) –
χ01
1
4(3n1 + n4) +
χ02
3
4(3n1 + n4) +
χ03
1
8(3n1 + n4) –
χ+4
3
8(n1 − 5n4) –
ξ(++,+,0) 18(9n1 − 13n4) –
TABLE II. Scalar fields in the model.
charges n1 and n4, corresponding to quark doublet and lepton doublet respectively. Under
Z2 symmetry, odd and even fields are specified in the last column of the above tables. The
relevant Yukawa Lagrangian part of the model is:
L ⊃ hΣijΣiRΣjRχ¯02 + hS12S1RS2Rχ¯02 + hS11S1RS1Rχ¯01 + hN23NRS2Rχ03 + hη2ij Σ¯0jRνiη02 + hη1i1 ¯S1Rνiη01
+hη2ij liLΣjRη
+
2 + h
ξ
ijliRΣjRξ
+ + hη1i1 liLS1Rη
+
1 + h
χ
i2liRS2Rχ
+
4
4
The first six terms are relevant for masses of Majorana fermions shown in Table 1 as the
beyond Standard Model fields and also these terms are relevant for active sterile mixing of
neutrinos at one loop level as discussed later. Last four Yukawa interactions are relevant for
charged lepton mass generation and have not been discussed here.
We discuss in short the generation of mass of extra gauge boson X and its mixing with
Standard model neutral gauge boson Z. Let the vacuum expectation values (vev) of various
neutral scalars fields be 〈φ0〉 = v1 and 〈χ01,2〉 = u1,2, then the mass-squared elements, that
determines mass for Z and X are given as,
M2ZZ =
1
2
g2Z
(
v21
)
(3)
M2ZX =M
2
XZ =
3
8
gZgX (n1 − n4) v21 (4)
M2XX =
1
2
g2X (3n1 + n4)
2 (u21 + 9u22)+ 98g2X (n1 − n4)2 v21 (5)
Although in general, there is Z − X mixing but it is expected to be very small so that
electroweak precision measurements could be satisfied. The condition for no Z −X mixing
between neutral electroweak gauge boson and extra U(1)X gauge boson is obtained for
M2ZX = 0 which gives n1 = n4. With this zero mixing consideration the mass of the extra
U(1)X gauge boson is
M2XX =
1
2
g2X(4n1)
2
(
u21 + 9u
2
2
)
(6)
Later on, we consider this zero mixing condition in dark matter relic density calculation.
NRνi
χ2
φ0 χ1
η01 χ3
S1R S2R
FIG. 1. One-loop active streile neutrino mixing [17].
Apart from three light active neutrinos NR plays the role of fourth neutrino as sterile in
this model. The active sterile neutrino mixing is possible because of interaction hS12S1RS2Rχ¯
0
2
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as shown in Figure 1 and non-diagonal mass matrix elements related to mixing in active
sterile neutrino mass matrix is given by
MνN ∼ h23h
η1
i1
16pi2
∑
k
z1k z2k mψk A (7)
where A is part of the loop integrals corresponding to figure 1 and we consider it to be about
10−9. Following [17] the active and sterile neutrino masses can be approximately given by
MNN ∼ (h23)
2
16pi2
∑
k
(z2k)
2 mψk B (8)
(Mν)ij ∼
hη1i1h
η1
j1
16pi2
∑
k
z1k z2k mψk C (9)
where B and C are some parts of loop integral and are taken to be of order 10−9. Based on
recent global fit [18] of neutrino oscillation experiment with sterile neutrino in 3+1 scheme,
the best fit values are: ∆m241 = 1.3 eV
2, |Ue4| = 0.1 and |Uµ4| . 10−2. Also taking into
account the cosmological constraint on sum of three active neutrino masses [19, 20] we
consider active neutrino masses, sterile neutrino mass and active-sterile mixing as
(Mν)ij . 0.1eV, MNN ∼ 1.14eV, MνN ∼ 0.114eV (10)
In considering interactions of extra gauge boson X with S1R and S2R in the mass basis of
ψk, we are considering for simplicity that Zij mixing matrix elements has non-zero 1-2 block
with mixing angle θ which is decoupled from 3-4 block. Then the interaction can be written
as,
∑
i,j
S¯iRγµ(gijγ
5)SjRXµ = (gS1Ra cos
2 θ + gS2Ra sin
2 θ)ψ¯1γµγ
5ψ1Xµ
+(gS1Ra sin
2 θ + gS2Ra cos
2 θ)ψ¯2γµγ
5ψ2Xµ
+
1
2
sin 2θ(gS1Ra− gS1Ra)ψ¯1γµγ5ψ2Xµ
+
1
2
sin 2θ(gS1Ra− gS1Ra)ψ¯2γµγ5ψ1Xµ (11)
where i, j = 1, 2, gS1Ra = 5/8(3n1+n4)gX and gS2Ra = 1/8(3n1+n4)gX . Here gX is the gauge
coupling for extra gauge boson and subscript a denotes that these are axial-vector couplings.
The mixing angle θ in the above expression is related to mixing elements of equation 7-9 as
6
z11 = cos θ, z12 = − sin θ, z21 = sin θ and z22 = cos θ. Following this we can write∑
k
z1k z2k mψk =
∆ mψ1 sin 2θ
2∑
k
(z2k)
2 mψk =
mψ1 (1 + ∆ cos
2 θ)
2∑
k
(z1k)
2 mψk =
mψ1
(
1 + ∆ sin2 θ
)
2
(12)
where ∆ = (mψ2 −mψ1)/mψ1 . Using 10 and taking the ratio of equations 7 and 9 one can
write
hN23
hη1i1
∆ sin 2θ
2(1 + ∆ sin2 θ)
A
C
≥ 1.14 (13)
and also taking the ratio of equation 8 and 9 one can write(
hN23
)2
(hη1i1 )
2
(1 + ∆ cos2 θ)
(1 + ∆ sin2 θ)
B
C
≥ 11.4 (14)
In these ratios although ∆ remains but dark matter mass mψ1 has gone away. Taking into
account the global fits, possible choices of couplings and loop integral related functions A,
B, and C are taken as
hN23 = 0.35 and h
η1
i1 = 0.1
A ∼ B ∼ C ∼ 10−9
0.0 0.5 1.0 1.5
0.0
0.2
0.4
0.6
0.8
1.0
θ
Δ
FIG. 2. Allowed region of ∆ and θ (in radian) from active-sterile neutrino masses and mixing.
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Based on inequalities in 13 and 14 the allowed region of θ and ∆ is shown in the figure 2
where we have choosen upper limit of ∆ to be 1 but it could be higher also. However, our
later analysis on relic abundance will not show any difference for higher values of ∆ as r12
and r22 mentioned later in equation 27 will not change significantly.
From figure 2 higher values of ∆ above 0.4 is preferred to satisfy active and sterile neutrino
masses and mixing. Even if we vary the couplings and the values of A, B and C to some
extent but to satisfy the global fits on active-sterile mixing and the cosmological constraint
on the sum of three active neutrino masses, we have checked that ∆ > 0.4 is preferred.
In section IV while analyzing the dark matter relic abundance constraint we have chosen
appropriate ∆ and θ following figure 2.
III. DARK MATTER (ψ1) RELIC DENSITY AND ANNIHILATION AND CO-
ANNIHILATION CROSS-SECTIONS OF DARK MATTER
Relic density is obtained from the Boltzmann equation [21] governing the evolution of
number density of the dark matter (DM) with the thermally averaged cross section for the
process ψ1ψ1 → ff¯ . The Boltzman equation is written as:
˙nψ1 + 3Hnψ1 =< σv > ((n
eqb
ψ1
)2 − n2ψ1) (15)
where nψ1 is the number density and n
eqb
ψ1
is thermal equillibrium number density of the DM
particle. H is Hubble expansion rate of the universe and 〈σv〉 is the thermally averaged
cross section for the process ψ1ψ1 → ff¯ and is given by [22]
< σv >=
1
8m4ψ1TK
2
2(m/T )
∫ ∞
4m2ψ1
σ(s− 4m2ψ1)
√
sK1(
√
s/T )ds (16)
where K1, K2 are modified Bessel functions of first and second kind respectively. Here s is
the centre of mass energy squared. The thermally averaged cross section can be expanded
in powers of relative velocity of two dark matter particle to be scattered and is written as
< σv >= a+ bv2. Numerical solution of the above Boltzmann equation gives [23]
Ωψ1h
2 ≈ 1.04× 10
9xf
Mpl
√
g∗(a+ 3b/xf )
(17)
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where xf = mψ1/Tf , Tf is the freeze-out temperature, g∗ is the number of relativistic degrees
of freedom at the time of freeze out. xf can be find out from
xf = ln
0.038 MPl mψ1 < σv >
g
1/2
∗ x
1/2
f
. (18)
We assume ψ1 to be lighter than ψ2 and it plays the role of dark matter. The lighter
ψ1 will be pair annihilated to standard model fermions and anti-fermions through the extra
gauge boson mediator but not z boson as we are considering Z−X mixing to be zero. This
pair annihilation has been considered above. However, it could also co-annihilate with ψ2.
Both annihilation and co-annihilation cross sections could control the relic abundance of
the dark matter ψ1 [24, 25]. To take into account co-annihilation we discuss the necessary
modifications in the Boltzman equation below.
If the mass difference between ψ1 and ψ2 is very large, ψ2 will be out of thermal equilibrium
much earlier than ψ1 and the co-annihilation will not play significant role in the evolution
of the number density of ψ1. However, we consider the case where the mass difference may
not to be too large. In that case, we consider the annihilation as well as co-annihilation
channel in the coupled Boltzmann equation to find out the evolution of the number density
of ψ1 and hence find the relic density of dark matter. Using the formalism of Ref.[24] we
can reduce the system of 2 Boltzmann equations governing number densities n1 and n2 of ψ1
and ψ2 respectively into one Boltzmann equation which governs the evolution of n = n1 +n2
in the early universe as given below:
n˙ = −3Hn−
2∑
i,j=1
< σijv > ((ninj − neqi neqj ) (19)
where < σijv > is the thermally averaged scattering cross section for the process ψiψj → ff¯ .
This equation can be further simplified as
n˙ = −3Hn−
2∑
i,j=1
< σeffv > ((n
2 − (neq)2) (20)
where σeff is given as
σeff ≈
2∑
i,j=1
σij
gigj
g2eff
(1 + ∆i)
3/2(1 + ∆j)
3/2 exp−x(∆i+∆j) . (21)
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Here x = mψ1/T and ∆i =
mψi−mψ1
mψ1
. Then ∆1 = 0 by definition. Later on, ∆2 is written
as ∆. gi is the internal degrees of freedom of the interacting particles and geff is defined as
geff =
2∑
i=1
gi(1 + ∆i)3/2 exp
−x∆i (22)
For comparison with the general WIMP formulas, we have Taylor expanded the thermally
averaged cross-sections:
< σijv >= aij + bijv
2 ; < σeffv >= aeff + beffv
2 (23)
where aeff and beff are given by
aeff ≈
2∑
i,j=1
aij
gigj
g2eff
(1 + ∆i)
3/2(1 + ∆j)
3/2 exp−x(∆i+∆j) . (24)
beff ≈
2∑
i,j=1
bij
gigj
g2eff
(1 + ∆i)
3/2(1 + ∆j)
3/2 exp−x(∆i+∆j) . (25)
The phase space integration part for all the process of ψiψj → ff¯ are almost same
for cross section calculation and the difference in the cross sections are mainly due to the
strength of couplings gij in which both the indices i, j runs from 1 to 2. Because of this we
can write
σ11
|g11|2 ≈
σ12
|g12|2 ≈
σ21
|g21|2 ≈
σ22
|g22|2 (26)
Using this approximation σeff in equation 21 can be written in terms of σ11 as
σeff =
gigj
g2eff
[
1 + 2r12
g212
g211
+ r22
g222
g211
]
σ11 (27)
Here r12 = (1 + ∆)
3/2e−x∆ , r22 = (1 + ∆)3e−2x∆ and ∆ = (mψ2 − mψ1)/mψ1 and σ11 is
annihilation cross section of ψ1ψ1 → ff¯ and < σ11v > can be Taylor expanded in the form
of a11 + b11v
2. For Majorana fermions gi = gj = 2 (Internal degrees of freedom) and from
equation (11) the couplings involved in these annihilation and co-annihilation channels are;
g11 = gS1Ra cos
2 θ + gS2Ra sin
2 θ
g22 = gS2Ra cos
2 θ + gS1Ra sin
2 θ
g12 = g21 =
1
2
sin 2θ(gS1Ra − gS2Ra) (28)
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In presence of co-annihilation of dark matter ψ1 with ψ2 equation (17) and (18) will be
modified as;
Ωψ1h
2 ≈ 1.04× 10
9xf
Mpl
√
g∗(a11Ia + 3b11Ib/xf )
(29)
where
Ia =
xf
a11
∫ ∞
xf
x−2aeffdx and Ib =
xf
b11
∫ ∞
xf
x−3beffdx (30)
and xf can be obtained from
xf = ln
0.038MPlmψ1 < σeffv >
g
1/2
∗ x
1/2
f
. (31)
gfv/gX gfa/gX
l=e,µ, τ 98(n4 − n1) 18(n4 − 9n1)
νl
n4
2 −n42
U 18(11n1 − n4) 38(n1 − n4)
D 18(5n1 + 3n4)
3
9(n4 − n1)
TABLE III. Couplings of SM fermions with extra gauge boson X in terms of U(1) charges n1 and
n4. U and D are up and down type quarks respectively
Since the dark matter is Majorana in nature, its vector coupling with X boson is zero and
it has only non-zero axial-vector coupling with X. The vector coupling gfv and axial-vector
coupling gfa of the SM fermion fields with extra gauge boson are given in table III. These
couplings are related to the chiral couplings [3] as follows;
gf(v,a) =
1
2
[L(f)± R(f)] (32)
where the chiral couplings L,R(f) are gX times U(1)X charges corresponding to left and
right-handed chiral fields as shown in table III. Following [26] the annihilation cross section
of Majorana fermion to SM ff¯ through S-channel mediated by X boson is given as ,
σ11 =
nc
12pis
[
(s−M2X)2 +M2XΓ2X
]∑
f
√
1− 4m2f/s
1− 4m2ψ1/s
[
g2fag
2
11
(
4m2ψ1
[
m2f
(
7− 6s
M2X
+
3s2
M4X
)
− s
]
+ s(s− 4m2f )
)
+ g2fvg
2
11(s+ 2m
2
f )(s− 4m2ψ1)
]
(33)
11
where nc = 3 when f stands for quarks and nc = 1 when f stands for leptons and s ≈
4m2ψ1 +m
2
ψ1
v2. In above equation ΓX = ΓX1 + ΓX2 , is the total decay width of extra gauge
boson X where ΓX1 is the decay width of extra gauge boson X to SM fermion anti-fermion
pair and ΓX2 is the decay width of extra gauge boson decaying to ψiψj Majorana fermions.
ΓX1 ≡
∑
f
Γ(X → ff¯) =
∑
f
ncMX
12piS
√
1− 4m
2
f
M2X
[
g2fa
(
1− 4m
2
f
M2X
)
+ g2fv
(
1− 2 m
2
f
M2X
)]
ΓX2 =
∑
i,j
Γ(X → ψiψ¯j) =
∑
i,j
MXg
2
ij
12piS
[
1− 4mψimψj
M2X
]3/2
(34)
where S = 1 (2) for (in)distinguishable final state particles. In the notation of equation (23),
< σ11v >= a11 + b11v
2 , where
a11 =
nc g
2
fam
2
f g
2
11mψ1
24pi
[
(M2X − 4m2ψ1)2 +M2XΓ2X
]√1− m2f
m2ψ1
(
12− 96m
2
ψ1
M2X
+ 192
m4ψ1
M4X
)
,
b11 = a
[
−1
4
+
m2f
8(m2ψ1 −m2f )
− M
4
X − 16M2Xm2ψ1 + 48m4ψ1
4((M2X − 4m2ψ1)2 +M2XΓ2X)
+
(
−4 + 2 g
2
fv
g2fa
+ 4
m2ψ1
m2f
+ 4
g2fvm
2
ψ1
g2fam
2
f
− 24m
2
ψ1
M2X
+ 96
m4ψ1
M4X
)
(
12− 96m
2
ψ1
M2X
+ 192
m4ψ1
M4X
)
 . (35)
Mass MX of the extra gauge boson in above expressions is given by equation (6) and g11 by
equation (28) which is axial-vector in nature.
IV. CONSTRAINTS ON DARK MATTER MASS WITH EXTRA GAUGE BO-
SON MASS, GAUGE COUPLING AND RELIC ABUNDANCE
Large Hadron Collider (LHC) operating at
√
s = 13 TeV, have searched for new phe-
nomena [14–16] which are resonant as well as non-resonant and in which the final state is
dilepton/dijet. This is a robust test for all theories beyond the SM. ATLAS at LHC has
obtained allowed region of coupling gX of quarks and leptons with extra gauge boson mass
MX in figure (4) of [14] and figure (5a) of [15] at 95% confidence level. However, these two
figures in reference [14] and [15] don’t differ too much. We have considered the allowed
region of gX and MX in figure (5a) of ref [15] in our numerical analysis. gX coupling in our
paper is related to coupling γ
′
of this figure as gX ≈ 0.463γ′ .
For our numerical analysis U(1) charges are fixed by considering n1 = n4 = 1/
√
2 (nor-
malizing n21 + n
2
4 = 1) which satisfies zero mixing condition of extra gauge boson X with
12
FIG. 3. Allowed Region in the MX and mψ1 plane for ∆ = 0.01 and 1. The red and green region
correspond to the ∆ = 0.01 and ∆ = 1 respectively.
SM Z boson. We have considered two values of ∆ as 0.01 and 1. Relic abundance is more
sensitive to variations of ∆ for its smaller values. For that as an illustrative example, we
have also considered one lower value of ∆ = 0.01 which is outside the allowed region of the
figure 2.
FIG. 4. Allowed region in gX − mψ1 plane with MX ∈ (400, 5000). The red and green region
correspond to ∆ = 0.01 and 1 respectively
.
In figure 3 we have shown the allowed region of MX and mψ1 for above mentioned two
values of ∆. In plotting the figure we have considered the constraint coming from relic abun-
dance on dark matter from Planck 2017 Ωh2 ∈ (0.1188, 0.1212)[13] and also have considered
constraint on gX and MX given by ATLAS [14, 15] at LHC. We have also varied gX over
13
the range 0.001 to 0.7 as considered by ATLAS. As seen for figure 3 the allowed region in
the MX -mψ1 plane increases for higher values of ∆, particularly for higher values of MX
and mψ1 . One may note here that this higher value of ∆ = 1 is appropriate for satisfying
masses and mixing of active and sterile neutrinos. Any bound on MX results in bound on
dark matter mass. As for example, if LHC obtains a lower bound of MX > 2 TeV then
there is a lower bound on mψ1 around 1 TeV and it happens particularly for gX = 0.039 and
xf = 10.0324. In fact this feature can be seen in any model with minimal extension of the
SM by adding extra U(1) gauge group to SM gauge group.
In Figure 4 we have shown the variation gX with dark matter mass mψ1 for a range of
extra gauge boson mass MX(400- 5000 GeV)for two values of ∆. For smaller values of mψ1
upto about 1.5 TeV the scope of variation of gX is small as seen from the figure 4. However
above 1.5 TeV gX could vary significantly corresponding to particular value of mψ1 . But
when mψ1 is around 1 TeV then gX could hardly vary.
990 995 1000 1005 1010
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0.122
mψ1(GeV)
Ω
h
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X
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X
=2TeV
2300 2400 2500 2600 2700
0.118
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0.120
0.121
0.122
mψ1(GeV)
Ω
h
2
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X
=0.5, M
X
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(a) (b)
FIG. 5. Relic density vs Dark matter mass. Figure 5(a) corresponds to MX = 2 TeV, gX = 0.05
and figure 5(b) corresponds to MX = 5 TeV, gX = 0.5. For both 5(a), 5(b) allowed region of relic
density is within two dotted black lines obtained from PLANCK 2017 result Ωh2 ∈ (0.1188, 0.1212)
and the region within two dashed red lines is the allowed region after adding PLANCK and BAO
results for the relic density bound Ωh2 ∈ (0.1184, 0.1202).
We have plotted relic density versus dark matter mψ1 for the two sets of fixed value of
MX = 2 TeV, gX = 0.05 and MX = 5 TeV, gX = 0.5 in figure 5(a) and 5(b) respectively.
Corresponding to any particular value of Ωh2 there are two solutions of mψ1 and they
represent the two points on the two almost vertical lines in the fig 5. These two points
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are hidden in fig 3 in the spreading of mψ1 value corresponding to any MX value. For
higher MX the gap between two solutions of mψ1 is in general more. The dotted black lines
correspond to the PLANCK 2017 result and the dashed red line correspond to PLANCK
+ BAO constraints respectively for the relic density of dark matter. The PLANCK+BAO
constraint further narrows the window between lower and upper bounds of relic density of
dark matter. In future even if the uncertainty in Ωh2 get reduced, the gap between these
two solutions of mψ1 remains almost same. However as one can see this gap depends on MX
and gX values, the future experiments at LHC could throw some light on this aspect.
V. CONCLUSION
We have constrained mass of dark matter based on relic abundance, extra U(1) gauge
boson mass and its gauge coupling. This has been done in the limit of zero mixing of extra
U(1) gauge boson X with gauge boson Z as various phenomenological low energy constraints
suggest almost zero mixing. Also this constraint is to some extent based on active and sterile
neutrino mixing and their masses so far the value of ∆ and θ is concerned. To satisfy the
requirements for neutrinos in general ∆ seems to be higher than 0.4 which means dark
matter mass is not very near to the next singlet right-handed neutral fermion in the model.
On the other hand if ∆ is considered much higher than 0.4 there will be no significant change
in the relic abundance analysis due to co-annihilation channel. For particular relic density
value within PLANCK bound we have discussed the possibility of two solutions for mass
of dark matter for a particular extra gauge boson mass and its gauge coupling. With the
improvement on the constraint of extra gauge boson mass, gauge coupling together with the
missing energy experiment at LHC one might get a better idea of the range and scale of
dark matter mass.
VI. ACKNOWLEDGEMENT
Imtiyaz Ahmad Bhat would like to thank Department of Science and Technology (DST),
Govt. of India for financial support through Inspire Fellowship (DST/INSPIRE Fellow-
ship/2014/IF140038). The authors would like to thank Sushant G. Ghosh for providing
15
HPC facilities for computation.
[1] G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405, 279 (2005) [hep-ph/0404175].
[2] J. C. Montero and V. Pleitez, Phys. Lett. B 675, 64 (2009) [arXiv:0706.0473 [hep-ph]]; E. Ma
and R. Srivastava, Phys. Lett. B 741, 217 (2015) [arXiv:1411.5042 [hep-ph]]; S. Singirala, R.
Mohanta and S. Patra, arXiv:1704.01107 [hep-ph]; V. De Romeri, E. Fernandez-Martinez, J.
Gehrlein, P. A. N. Machado and V. Niro,arXiv:1707.08606 [hep-ph]; E. Bertuzzo, P. A. N.
Machado, Z. Tabrizi and R. Zukanovich Funchal, arXiv:1706.10000[hep-ph]; M. D. Campos,
D. Cogollo, M. Lindner, T. Melo, F. S. Queiroz and W. Rodejohann, JHEP 1708, 092 (2017)
[arXiv:1705.05388 [hep-ph]];T. Nomura and H. Okada, Eur. Phys. J. C 78, no. 3, 189 (2018)
[arXiv:1708.08737 [hep-ph]].
[3] P. Langacker, Rev. Mod. Phys. 81, 1199 (2009) [arXiv:0801.1345 [hep-ph]].
[4] D. Suematsu and Y. Yamagishi, Int. J. Mod. Phys. A10 (1995) [hep-ph/9411239];M. Cvetic
and S. Godfrey, [hep-ph/9504216]; A. Leike, Phys.Rept., 317 (1999) [hep-ph/9805494]; M.
Cvetic and P. Langacker, [hep-ph/9707451]; D. A. Demir, Phys. Rev. D59 (1999) 015002,
[hep-ph/9809358]; J. L Diaz-Cruz, J. M. Hernandez-Lopez and J. A Orduz-Ducuara, J. Phys
G 40, 125002 (2013).
[5] E. Ma, Phys. Rev. D 73, 077301 (2006)
[6] J. Erler, P. Langacker, S. Munir, and E. Rojas,JHEP 0908 (2009) 017, [arXiv:0906.2435]; F.
del Aguila, J. de Blas, and M. Perez-Victoria, JHEP 1009 (2010) 033, [arXiv:1005.3998]; R.
Diener, S. Godfrey, and I. Turan,Phys.Rev. D86 (2012) 115017, [arXiv:1111.4566].
[7] M. C. Gonzalez-Garcia, M. Maltoni and T. Schwetz, Nucl. Phys. B 908, 199 (2016)
[arXiv:1512.06856 [hep-ph]].
[8] M. H. Ahn et al. [K2K Collaboration], Phys. Rev. D 74, 072003 (2006) [hep-ex/0606032].
[9] P. Adamson et al. [NOvA Collaboration], Phys. Rev. D 96, no. 7, 072006 (2017)
[arXiv:1706.04592 [hep-ex]].
[10] A. A. Aguilar-Arevalo, [hep-ex/1805.12028]
[11] F. Zwicky, Helv. Phys. Acta 6, 110 (1933) [Gen. Rel. Grav. 41, 207 (2009)].
[12] WMAP Collaboration, D. N. Spergel, et al., Astrophys. J. 148 (2003) 175; SDSS Collaboration,
M. Tegmark, et al., Phys. Rev. D69 (2004) 103501.
16
[13] N. Aghanim et al. [Planck Collaboration], arXiv:1807.06209 [astro-ph.CO].
[14] M. Aaboud et al. [ATLAS Collaboration], Phys. Rev. D 96, 052004 (2017) [arXiv:1703.09127
[hep-ex]].
[15] M. Aaboud et al. [ATLAS Collaboration], JHEP 1710, 182 (2017) [arXiv:1707.02424 [hep-ex]].
[16] A. M. Sirunyan et al. [CMS Collaboration], Phys. Lett. B 769, 520 (2017) Erratum: [Phys.
Lett. B 772, 882 (2017)] [arXiv:1611.03568 [hep-ex]]; A. M. Sirunyan et al. [CMS Collab-
oration], JHEP 1808, 130 (2018) [arXiv:1806.00843 [hep-ex]]; A. M. Sirunyan et al. [CMS
Collaboration], JHEP 1806, 120 (2018) [arXiv:1803.06292 [hep-ex]].
[17] R. Adhikari, D. Borah and E. Ma, Phys. Lett. B 755, 414 (2016) [arXiv:1512.05491 [hep-ph]].
[18] M. Dentler, A´. Herna´ndez-Cabezudo, J. Kopp, P. A. N. Machado, M. Maltoni, I. Martinez-
Soler and T. Schwetz, JHEP 1808, 010 (2018) [arXiv:1803.10661 [hep-ph]].
[19] S. Vagnozzi, S. Dhawan, M. Gerbino, K. Freese, A. Goobar and O. Mena, Phys. Rev. D 98,
no. 8, 083501 (2018) [arXiv:1801.08553 [astro-ph.CO]].
[20] S. Roy Choudhury and S. Choubey, JCAP 1809, no. 09, 017 (2018) [arXiv:1806.10832 [astro-
ph.CO]].
[21] M. Beltran, D. Hooper, E. W. Kolb and Z. C. Krusberg, Phys. Rev. D 80, 043509 (2009)
[arXiv:0808.3384 [hep-ph]].
[22] P. Gondolo and G. Gelmini, Nucl. Phys. B 360, 145 (1991).
[23] E. W. Kolb and M. S. Turner, Front. Phys. 69, 1 (1990).
[24] K. Griest and D. Seckel, Phys. Rev. D 43, 3191 (1991).
[25] M. Cannoni, Eur. Phys. J. C 76, no. 3, 137 (2016) [arXiv:1506.07475 [hep-ph]].
[26] A. Berlin, D. Hooper and S. D. McDermott, Phys. Rev. D 89, no. 11, 115022 (2014)
[arXiv:1404.0022 [hep-ph]].
17
